Twenty-one liverworts from Mexico, Ecuador, Greece, Germany and Japan were extracted with diethyl ether and the crude extracts analyzed by TLC and GC/MS. Several volatile sesqui-and diterpenoids, and also bibenzyls were identified. Many of these compounds are important chemical markers of liverworts genus or family. Sacculatane-type diterpene dialdehydes occur in the Pelliaceae family, while bibenzyls, especially with a prenyl group are characteristic of the Japanese Radula perrottetii. Eudesman-type sesquiterpene lactones and pinguisane-type sesquiterpenoids are significant markers of Frullania tamarisci and Trocholejeunea sandvicensis, respectively. The Greek Fossombronia angulosa contained exactly the same compounds previously found in brown algae. Such chemical similarity suggests that some families of liverworts and algae may have an evolutionary relationship.
The Marchantiophyta (liverworts) are placed between algae and pteridophytes, and there are about 6000 species in the world. Most of the Marchantiophyta contain oil bodies, which comprise lipophilic terpenoids, aromatic compounds and acetogenins. These structures are often unique within land plants [1] . Many sesquiterpenoids, diterpenoids, and phenolic compounds isolated from liverworts show interesting biological activity, such as antimicrobial, antifungal, antihepatotoxic, cytotoxic, antioxidant, cardiotonic, insect antifeedant and muscle relaxant [2, 3] .
Although the morphological classification of liverworts is difficult, because of their small gametophytes, it has been demonstrated that the lipophilic terpenoids and aromatic metabolites in their oil bodies can assist in their taxonomic differentiation [1] [2] [3] . The pattern of terpenoids and aromatic compounds often depends not only on the developmental stage, season and altitudinal distribution, but also on sexual (male, female and sterile) forms of the same species and collection from different habitats. Knowledge of chemical constituents of liverworts might serve to delineate not only chemical, but also evolutionary relationships within the Marchantiophyta at the genus or family level [1, 4] .
In the present paper, we report the distribution of volatile components in selected liverworts collected in Mexico, Ecuador, Greece, Germany and Japan with the focus on chemosystematics.
In this study, the volatile constituents of 21 species of liverworts have been investigated. Of these, six belong to Metzgeriales, four to Jungermanniales and eleven to Marchantiales (Table 1) . Each liverwort, after being air dried, was extracted with diethyl ether. Filtration and evaporation of the solvent gave a green oil, which was analyzed by TLC and GC/MS. The identification of each component were carried out using König, Hochmuth and Joulain's Mass Finder [5] , the Atlas of Spectral Data of Sesquiterpene Hydrocarbons [6] , and our home made MS-Library.
Pellia endiviifolia (Dicks.) Dum. (Pelliaceae = Dilaenaceae): The Japanese P. endiviifolia possesses a persistent hot taste that is due to the sacculatanetype diterpene dialdehyde -sacculatal (1). Beside sacculatal, which is the main compound of this liverwort, the non-pungent isosacculatal (2) has been detected. In German P. endiviifolia we also identified sacculatal as the main compound and two other sacculatanes, sacculatanolide (4) and 7,17-sacculatadien-11,12-olide (5). The latter two compounds were isolated previously from axenic cultures of the liverwort Fossombronia wondraczekii [7] . Japanese and German collections also produced a large amount of bicyclogermacrene (10) . The two collections differ from one another in the composition of the sesquiterpenes fraction. In Japanese material, β-acoradiene and (E)-β-farnezene have been identified, while in German samples, allo-aromadendrene, tritomarene, bourbon-11-ene, selina-4,7-diene and β-cubebene were detected. and its isomer 7,17-sacculatadien-11,12-olide (5) (0.2%); these last two differ in the orientation of the γ-lactone moiety. Minor components include 1-octen-3-yl acetate, β-acoradiene, (E)-β-farnezene, zizaene, phytol, dioctyl ether and hexadecanoic acid.
Makinoa crispata (Steph.) Miyak. (Pelliaceae = Dilaenaceae): There are at least three chemotypes of M. crispata. The investigated Japanese species belongs to the second chemotype, because this type produce dactylol (6) and bicyclogermacrene (10) as major compounds [8] . It is noteworthy that this species elaborated a large amount of the sacculatane type diterpene dialdehyde -perrottetianal A (3) (7.5%), which is a characteristic compound of the first chemotype of M. crispata [1] . A significant amount of β-barbatene (31) has also been detected. In the volatile fraction of this liverwort many other minor compounds have been identified, for example α-himachalene, α-cubebene, α-copaene, β-bazzanene, α-longipinene, isobazzanene, ciscalamenene and cinnamolide. : The most interesting species belonging to the Metzgeriales order is F. angulosa. The extract of this Greek liverwort contained three compounds previously reported in brown algae [11] . There are dictyotene (14) , the main compound of the volatile fraction (14.1%), (Z)-multifidene (15) and dictyopterene (16) . When the species belonging to the Metzgeriales are dried, they immediately emit a sea-shore algae odor. The genuine component of this odor is dimethyl sulfide, which is the most important odor of almost all algal species. This may suggest that some liverworts originate from algae [3] . The marine algal components in Fossombronia species are extremely interesting since the species is morphologically quite similar to marine algae, for example Ulva species. Besides dictyotene, F. angulosa also produced a large amount of an unknown compound [M + 300 (91 base)] (13.4%), 2-tridecanone (13.0%) and β-sabinene (11.7%). This species also biosynthesized cyathane-type diterpenoids, which are widely distributed in the Jungermanniales [1] . 5,18-Dihydroxy-epi-homoverrucosane (17) and (-)2β,9α-dihydroxyverrucosane (18) were detected.
Plagiochila sciophila Nees. (Plagiochilaceae):
Bicyclohumulenone (19), β-barbatene (31) and cyclocolorenone (9) are main components occurring in the Japanese P. sciophila. Occurrence of a high amount of aromadendrane and humulane sesquiterpenoids in this Japanese species was previously reported [1, 3] . In addition, the following constituents were also detected as minor components: 1-octen-3-yl acetate, bicyclogermacrene (10), cyclomyltaylane, α-barbatene, allo-aromadendrane, sesquisabinene A, and an unidentified sesquiterpene alcohol [M + 220 (59 base)] possessing a 1,1-dimethyl carbinol (m/z 59).
Radula
perrottetii Gottsche ex Steph. (Radulaceae): R. perrottetii, like other Radula species, is rich in bibenzyl derivatives [1, 3] . 2,2-Dimethyl-7,8-dihydroxy-5-(2-phenylethyl) chromene (20), 3,5-dihydroxy-2-(3-methyl-2-butenyl) bibenzyl (21) and perrottetin A (22) have been detected. This liverwort also produced a large amount of bisabola-2,6,11-triene (15.2%). The presence of this compound in the Japanese collection was previously confirmed by Tesso, König and Asakawa [12] . Other sesquiterpenoids, such as α-and β-chamigrene, eremophilene, cuparene, β-acoradiene, aristolene, thujopsene, isodauca-4,7(14)-diene and α-gurjunene have also been detected as minor components. Additionally, in the investigated Japanese material, as well as in the above-mentioned P. sciophila, bicyclohumulenone (19) , cyclocolorenone (9) and β-barbatene (31) have been identified.
Frullania tamarisci subsp. obscura (L.) Dumort. (Frullaniaceae):
The investigated F. tamarisci subsp. obscura is a rich source of sesquiterpenes, containing hinesene, β-caryophyllene, β-elemene, 4,5-di-epi-aristolochene, bicyclogermacrene (10), α-humulene and eremophilene, of which hinesene (35.5%) was the major component. This species is characterized by the presence of sesquiterpene lactones that cause allergic contact dermatitis [2, 3] . Significant amounts of 4-epi-arbusculin A (23) (11.8%), α-cyclocostunolide (24) (3.8%) and β-cyclocostunolide (25) (1.5%) have been detected.
Asakawa et al. [13] identified two district chemotypes of F. tamarisci subsp. obscura in Japan.
The first, Type-T, contains tamariscol and 5α,7β(H)-eudesma-4α,6α-diol as the major components, while the second, Type-O, produces eudesmane-type sesquiterpene lactones. Because of the lack of the former two compounds, the investigated liverwort belongs to the second chemotype.
Trocholejeunea sandvicensis (Gott.) Mizut. (Lejeuneaceae): T. sandvicensis produces a large amount of pinguisane-type sesquiterpenoids, which are the most significant chemical markers of this species [1] . It contains dehydropinguisenol (26) (39%) and an unidentified sesquiterpene lactone [M + 234 (124 base)] (10%) as the main compounds, and also pinguisenene, dehydropinguisanine (27), deoxopinguisone, ptychanolide (28) and entdihydrodiplophyllin. In the diethyl ether extract of this Japanese species, sesquiterpene hydrocarbons, such as bicyclogermacrene (10) , isogermacrene D, β-caryophyllene, β-barbatene (31) and valencene have also been detected.
Reboulia hemisphaerica (L.) Raddi (Aytoniaceae):
R. hemisphaerica has several chemotypes [14] . The investigated Japanese R. hemisphaerica, collected in two different places in Tokushima, is characterized by totally different chemical compositions. The collection from Tokushima Bunri University Campus produced cyclomyltaylane and chamigrane sesquiterpenoids. Cyclomyltaylan-5α-ol (29) (43.5%) was the major component, which was present with cyclomyltaylane, β-chamigrene, β-chamigrene-1β-ol and β-chamigrene-10α-ol (30). This collection belongs to the cyclomyltaylane-type. It is noteworthy that the separately investigated sporophytes and thalli of this species are characterized by very similar chemical composition. The second collection, from Momijigawa (Aioicho, Tokushima), contained Reboulia and Asterella are both members of the Reboulioideae, subfamily Aytoniaceae. Asterella species are known to emit intense, characteristic scents, both pleasant and unpleasant [4] . Two investigated Mexican Asterella species are chemically different. A. echinella produces mainly sesquiterpenes. It elaborated the sesquiterpene hydrocarbons: β-barbatene (31) (43%), β-caryophyllene (7.6%), β-acoradiene (2.9%), α-barbatene, isobazzanene, and δ-cuprenene, and also significant amounts of the sesquiterpene alcohols 4β-hydroxygermacra-1(10),5-diene (12) (4.2%), β-sabinene (34) (3.5%), 3,7,11-trimethyl-2,6,10-dodecatrien-1-ol (5.3%) and its acetate (4.9%).
Monoterpenes were the most representative in A. venosa (77%). The main compound was geranyl acetate (35) (40%), together with β-myrcene (13.9%), α-pinene (9.7%) and myrtenyl acetate (9.2%). Besides monoterpenoids, β-barbatene (31), β-caryophyllene and squalene have been identified. This Mexican species is closely related to the Portuguese A. africana. Chemical analysis of the essential oils from this species indicated that they were dominated by the monoterpene fraction. Myrtenyl acetate and α-pinene were the major components of all the oil samples [15] .
Conocephalum conicum (L.) Underw. and C. japonicum (Thunb.) Grolle (Conocephalaceae): Japanese C. conicum is chemically more advanced than C. japonicum, since the former elaborates not only monocyclic but also bicyclic monoterpenoids [1] . In the investigated Japanese C. conicum, myrcene, limonene, neryl acetate, camphene, β-sabinene (34) and β-pinene were identified. The Japanese C. japonicum produced only limonene, as a minor metabolite. Analysis of the ether extract of C. japonicum led to the identification of a large amount of isolepidozene (11) 
Dumortiera hirsuta (Sw.) Nees (Marchantiaceae):
The major component detected in the Japanese D. hirsuta is an unknown sesquiterpenoid [M + 220 (43 base)] (33%). This species elaborates germacrane type sesquiterpenoids, especially ent-1(10)E,5E-germacradien-11-ol (13) (13.8%), germacrene D (8.7%) and 4β-hydroxygermacra-1(10),5-diene (12) (3.6%). These compounds were also detected in Conocephalum conicum; the first and second in the Japanese collection and the third in the German 
Marchantia polymorpha L. (Marchantiaceae):
(-)-Cyclopropanecuparenol (37) is the main component identified in M. polymorpha thalli and female sporophytes. This liverwort also produces other cuparane, as well as thujopsane and chamigrane sesquiterpenoids. α-Cuprenene and also δ-and β-cuprenene, thujopsene, thujopsane-2β-ol, thujopsenone, α-chamigrene, ent-9-oxo-α-chamigrene have been identified. The sesquiterpenoid composition of M. polymorpha thalli was quite similar to that of female sporophytes. In contrast to thalli, female sporophytes elaborated fatty acids and their esters. They produced hexadecanoic acid and its ethyl ester, (Z,Z) 9,12-octadecadienoic acid, oleic acid and also oxacycloheptadeca-2-one.
Marchantia paleacea var. diptera Bertol. (Marchantiaceae):
At least 27 peaks appeared in the gas chromatogram of the diethyl ether extract of the Japanese M. paleacea var. diptera, among which β-caryophyllene (36.5%) and an unidentified diterpenoid [M + 290 (81 base)] (15.3%) were the most abundant components. Additionally, two monoterpenes, β-pinene and limonene, 1-octen-3-yl acetate, β-elemene, calarene, β-selinene and β-caryophyllene oxide have been identified. Fatty acids and other long chain compounds, including long chain butenolides have also been detected.
Marchantia tosana Steph. (Marchantiaceae):
The investigated Japanese M. tosana produced large amounts of isolepidozene (11) (45.2%) and β-barbatene (31) (23.1%). It also contained β-elemene, α-barbatene, isobazzanene, β-acoradiene, germacrene D, α-and γ-cuprenene and (4S*,5S*,6R*,7R*)-1(10)E-lepidozen-5-ol as minor constituents. 
Monoselenium tenerum Griff. (Monoseleniaceae):
In the diethyl ether extract of German M. tenerum only two components have been detected. Analysis of MS suggests that the first one is a bibenzyl derivative [M + 272 (121 base)] and the second one a phthalide, identified as 3-(4'-methoxybenzyl)-5,6-dimethoxyphthalide (36). The latter compound was isolated previously from the Australian liverwort Frullania falciloba, belonging to the Jungermanniales [18] .
The volatiles of the liverwort species analyzed in this study are characterized by large numbers of sesquiterpenoids, as shown in Table 2 . Several acyclic, mono-, bi-, and tricyclic sesquiterpene systems are present, including many unique combinations. Liverworts contain all of the mentioned sesquiterpenoids, and it is noteworthy that 80% are enantiomers of those found in higher plants [1] [2] [3] 19] . The investigated liverworts produced mainly sesquiterpene hydrocarbons, with bicyclogermacrene (10) and β-barbatene (31) being the most widespread in the analyzed species. Because sesquiterpene hydrocarbons are prevalent throughout liverworts and most liverwort species elaborate the same compounds, it is difficult to use these compounds as chemosystematic markers. However, other sesquiterpenoids can be used as chemosystematic markers. Monoterpenoids were detected only in liverworts belonging to Marchantiales (Table 2) . These compounds are characteristic, especially for Conocephalum conicum and Asterella venosa. The Japanese and German C. conicum belong to the same chemotype, because both elaborated large amount of β-sabinene (34). Monoterpenes amounted to 77% of all compounds present in the volatiles of Asterella venosa. The main component was geranyl acetate (35), a compound with a lemon-like odor. In contrast to the above mentioned species, which have a pleasant smell, Asterella species grown in Malaysia emit an intense, unpleasant odor, which is due to skatole, which composes about 20% of the total extract [3] .
In several cases, aromatic compounds are valuable chemosystematic indicators, especially bibenzyl derivatives [1, 3] . Among investigated liverworts, the presence of bibenzyls and prenyl bibenzyls (20) (21) (22) o C. Identification of each peak after GC/MS analysis was carried out by comparison of its retention time and mass spectrum with those of authentic samples, reported mass spectra [5, 6] and our library databases.
